Firearm laws in one state may be associated with increased firearm death rates from homicide and suicide in neighboring states.
F irearm injuries caused 36 252 deaths in the United States in 2015, including 22 018 (60.7%) from suicides and 12 979 (35.8%) from homicides. Despite decreases in violent deaths in the 1990s, the rate of deaths from firearm injuries remained steady from 1999 through 2015, with an increase in the firearm suicide rate from 5.96 to 6.48 per 100 000 population in the same period. 1, 2 Firearms account for over 50%
of suicides and two-thirds of homicides, 3 and firearm injuries and deaths are an important public health issue. [4] [5] [6] [7] [8] [9] [10] States regulate how firearms are bought, sold, and tracked, as well as who may purchase them. 11, 12 Stronger firearm policy environments have been associated with lower rates of firearm deaths, [12] [13] [14] as have specific laws, such as licensing and inspection of firearm dealers, 15, 16 licensing and background checks for handgun sales, [16] [17] [18] [19] [20] [21] [22] [23] including private sales 24, 25 and laws regulating the availability of inexpensive handguns. 18 Laws, however, vary widely among states, and evidence of their impact is limited. 7, 26, 27 Firearms may move across state lines, presenting a challenge to effective state policies. Evidence from Federal Bureau of Investigation firearm traces indicates that in states with strict firearm laws, many crimes are committed using firearms that originated out-of-state. 28, 29 To investigate the effect of home state and out-of-state firearm laws on firearm death rates, we conducted a cross-sectional study of firearm deaths in United States counties from January 2010 to December 2014. We hypothesized that counties located in states with more restrictive firearm laws would have lower rates of firearm suicide and homicide, and that firearm death rates would be higher in counties near adjoining states with more lenient laws.
Methods

Study Sample
The units of analysis for this study were United States counties. We excluded counties in Alaska and Hawaii because our measure of interstate policy impact assumed that the effect of distance was uniform among localities, and travel from these noncontiguous states differs. We excluded Washington, DC, because there are no applicable state laws. Our final sample was 3108 counties in 48 states. This study received a waiver of review from the Weill Cornell Medicine institutional review board.
Dependent Measures
The dependent measures were counts of deaths for the years from January 2010 to December 2014, according to International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) classification. Using Compressed Mortality Data records from the Centers for Disease Control, 30 we calculated counts of firearm homicide (ICD-10 codes U014, X93-X95), nonfirearm homicide (ICD-10 codes U011, U012, X85-X92, X96-X99, Y00-Y05, Y060-Y062, Y068-Y073, Y078, Y079, Y08, Y09, Y871), firearm suicide (ICD-10 codes X72-X74), and nonfirearm suicide (ICD-10 codes U030, X60-X71, X75-84, Y870). We calculated total homicides and suicides by summing firearm and nonfirearm deaths.
Policy Metric
The Law Center to Prevent Gun Violence (LCPGV) provided detailed data describing firearm laws for every state for 2010. 11 We reviewed the literature and identified 6 categories of laws for which evidence best supports an association with firearm death or interstate movement of firearms ( Table 1) . Dealer practices and standards may vary between and within states, and laws mandating strict licensing requirements or increased law enforcement oversight of dealers have been associated with up to 50% lower rates of firearm homicide. 15, 16 We included laws requiring background checks for private sales of firearms (including gun show sales), because states with these laws have been shown to have lower rates of firearm death. 12, 24, 25 Laws that require individuals to obtain licenses to purchase or own firearms have been associated with lower rates of death. 17, 22 Regulations setting minimum design standards for firearms limit the availability of inexpensive handguns ("Saturday night specials") and have been associated with 6.8% to 11.5% fewer firearm homicides. 18 Two types of laws focus on preventing diversion of legally purchased firearms to homicide and other crimes. Laws restricting multiple purchases of guns are designed to prevent "straw purchasers" from buying excess firearms on behalf of those who could not legally purchase a firearm. Twenty percent of firearms used in crime originate in multiple purchases, and these laws have been shown to reduce diversion of firearms by up to two-thirds.
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Firearms used in crime may be legally purchased but then lost or stolen. Laws requiring owners to report loss and theft have been associated with a 30% decrease in firearms diversion.
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Increased rates of firearm ownership have been associated with higher firearm suicide rates at the state level, 34 and presence of firearms in the home is associated with firearm suicide risk at the individual level, 35 but few studies have examined the association of firearm policies and firearm suicide. Licensing laws, however, have been associated with a 15% to 23% decrease in firearm suicide. 23, 36 Studies have yet to establish the efficacy of other legal strategies for preventing suicide, such as gun restraining orders. 36 Based on the LCPGV methodology, we rated each state 0 to 2 in each of 6 areas, with stronger policies receiving 2 points and more lenient regulations receiving 1 point (Table 1) . We summed these scores to a cumulative measure, with possible values of 0 to 12.
For each county, we calculated an interstate policy score. Borrowing concepts from transport geography, 37 we assumed that the strength of an interstate policy association would be greatest between places located close to one another. 38, 39 For example, a county located in New York state adjacent to the border of Pennsylvania would be more likely to be affected by Pennsylvania laws than Vermont laws. Therefore, the interstate policy score includes an inverse-distance decay term. We assumed a state with a larger population would have greater potential to serve as a source of firearms, and so weighted the interstate policy score by population, consistent with established methods. 37 We standardized the score with a mean of 0 and standard deviation of 1, resulting in a range of scores from −1.33 to 8.31, with higher scores indicating stricter laws in nearby states. Further details about the interstate policy score are available eMethods in the Supplement.
To understand the combined influence of home state and interstate policy scores, we divided counties into 3 groups by home state policy score, with counties in the low group having 0 included state policies (22 states); those in the medium group having 1 to 2 (15 states); and those in the high group having 3 to 10 (11 states). No state had a score of more than 10 included state policies. These cutoffs were chosen to create 3 groups close to equal size. However, as more than one-third of counties had a home state policy score of 0, the groups are uneven in size. We also divided the interstate policy score for counties into tertiles of 1036 counties each. Interstate policy scores in the low tertile ranged from −1.33 to −0.46. Interstate policy scores in the medium tertile ranged from −0.46 to −0.01. Interstate policy scores in the high tertile ranged from −0.01 to 8.31. Considered together, these variables yielded a primary exposure variable with 9 categories encompassing both exposures (Figure) .
Covariates
We used 5-year estimates from the American Community Survey for January 2010 to December 2014 to describe county demographic characteristics, 40 including population size, median age, median household income, sex, and race/ethnicity. We included 4 measures of neighborhood disadvantage related to violence: the unemployment rate, the proportion age 25 years or older without a high school diploma, households receiving public assistance, and female-headed households. 41 We controlled for rates of crimes against persons and against property using data from the Federal Bureau of Investigation Uniform Crime Reporting System.
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Statistical Analysis
Using established techniques in epidemiology, we constructed multilevel spatial Poisson models. [43] [44] [45] A first group of models assessed relationships for homicides, and a second group of models assessed relationships for suicides. For both homicides and suicides, we conducted separate analyses for firearm deaths, nonfirearm deaths, and all deaths. We fitted the Poisson models using a Bayesian procedure in WinBUGS v14 (University of Cambridge). 46 To account for spatial autocorrelation (the concept that places closer to one another are likely more similar than those that are far apart), all models included a conditional autoregressive random effect that smoothed the effect of outliers and controlled for overdispersion of the count data. In addition, this modeling strategy accounted for unmeasured, spatially structured, regional characteristics that may cause counties in the same region to have similar policies and similar mortality rates, without requiring us to include a categorical variable to control for region explicitly (southeast vs southwest, etc) (eMethods in the Supplement). 43, 47 Because counties in the same state may be more similar to each other than counties in different states, models included a state-level random effect. This approach yields an incidence rate ratio (IRR), which provides an estimate of how observed death rates in each group differ from a specified reference group, for the firearm policy variable, or for a 1-unit difference in the exposure variable, such as for the demographic variables. The IRR is situated within a 95% credible interval (CI), which is analogous to a 95% confidence interval in conventional regression analyses. We performed geoprocessing using ArcGIS 10.3 (Esri Inc), and nonspatial data management using Stata v14 (StataCorp).
Sensitivity Analyses
We conducted multiple tests to minimize the likelihood that our results were artifacts of model or variable specification (eTable 1 in the Supplement). We conducted a sensitivity analysis using inverse distance squared to allow geographic rela- Laws that restrict the number of firearms an individual can purchase within a given timeframe 2 points: restrict multiple purchases or sales a The Law Center to Prevent Gun Violence (LCPGV) provided detailed data describing firearm laws for every state for 2010. Based on the LCPGV methodology, we rated each state 0 to 2 in each of 6 areas, with stronger policies receiving 2 points and more lenient regulations receiving 1 point. These scores were summed to a cumulative measure, with possible values of 0to12.
tionships to fall off more quickly. We reconstructed all 6 Poisson models, replacing the dependent variables with deaths from 2010 only, to account for possible variation in trends over time between counties. We also replaced the 2010 home state and interstate policy scores with similar scores calculated using:
(1) 2012 policies; (2) complete scores proposed by the LCPGV, including 35 firearm laws, rather than the 6 areas selected for our primary analysis 11 ; and (3) scores developed using iterative principal components analyses. The principle components analysis aimed to identify correlations among all 35 laws for which the LCPGV collected data. We calculated Eigenvectors for these laws, removing laws with Eigenvectors less than 0.3 (highly correlated with other laws), and then taking a count of laws in a final analysis in which all laws had Eigenvectors greater than 0.3. 48 We evaluated the home state and interstate policy variables separately, and tested an interaction between the home state and interstate policy scores as continuous variables.
Results Table 2 shows descriptive statistics for the 3108 counties. The mean (SD) county firearm suicide rate was 10.04 (6.10) per 100 000 population per year, and the mean (SD) county firearm homicide rate was 2.56 (3.21). Geographic distributions of firearm homicide and suicide rates are presented in the eFigure in the Supplement. The Figure shows geographic distributions of combined home state policy scores and interstate policy scores. California had the strongest firearm control laws (10 out of 12). However, because California is adjacent to states with low policy scores, many California counties had low interstate policy scores. Table 3 shows results of the Bayesian, conditional, autoregressive, Poisson models for suicide deaths. Table 4 shows comparable results for homicide deaths. Both Table 3 and Table 4 also show analyses of suicide and homicide deaths, respectively, for various demographic characteristics of the counties. The reference group for the IRR was counties with high home state and high interstate policy scores.
As shown in Table 3 , model 1A, counties with lowstrength home state policy laws had the highest rates of firearm suicide. Rates were similar across levels of interstate policy score (low: IRR, 1.35; 95% CI, 1.11-1.65; medium: IRR, 1.36; 95% CI, 1.15-1.65; and high: IRR, 1.43; 95% CI 1.20-1.73). Counties with medium-strength home state policy scores had slightly lower rates of firearm suicide; counties with high-strength home state policy scores had the lowest rates. Firearm suicide rates for counties with medium-strength policy scores were also similar across levels of interstate policy score. Counties with high home state policy scores had equivalent rates of firearm suicide, regardless of interstate policy score level. These relationships carried over, though attenuated, to the total suicide rate, as shown in model 1C. There was no association between either state or interstate policy scores and nonfirearm suicide, as shown in model 1B. Factors associated with higher suicide rates in counties, firearm and otherwise, included a higher median age of residents and a higher proportion of male residents. Factors associated with lower suicide rates included higher percentages of black or Hispanic resi- dents. Counties with higher percentages of households headed by women had lower firearm suicide rates but higher rates of nonfirearm suicide rates and overall suicide. For homicides, as shown in Table 4 , model 2A, counties with low home state and low or medium interstate policy scores had the highest rates of firearm homicide. Findings for nonhomicide and overall homicide rates are shown in model 2B and model 2C, respectively. Compared with counties with high home state and interstate policy scores, counties with low home state and interstate scores had higher firearm homicide rates (IRR, 1.38; 95% CI, 1.02-1.88) and overall homicide rates (IRR, 1.32; 95% CI, 1.03-1.67) but not nonfirearm homicides (IRR, 1.24; 95% CI, 0.99-1.57). Counties with low home state scores and medium interstate policy scores had higher rates of firearm homicide (IRR, 1.33; 95% CI, 1.02-1.75), nonfirearm homicide (IRR, 1.29; 95% CI, 1.04-1.60), and overall homicide (IRR, 1.28; 95% CI, 1.03-1.59). In contract, counties with low state policy scores and high interstate policy scores did not have higher firearm homicide rates (IRR, 1.18; 95% CI, 0.89-1.54), nonfirearm homicide rates (IRR, 0.97; 95% CI, 0.78-1.20), or overall homicide (IRR, 1.07; 95% CI, 0.86-1.32). For counties with medium or high home state scores, homicide rates (firearm, nonfirearm, and overall) were not associated with the interstate policy score, regardless of whether it was low, medium, or high.
Factors associated with higher firearm homicide rates in counties included higher percentages of black or Hispanic residents, more households receiving public assistance, more households headed by women, and higher percentages of residents without a high school diploma. Higher rates of firearm homicides were associated with higher rates of property crimes and violent crimes and were inversely associated with higher median household income.
Results of the sensitivity analyses for suicide or homicide are available in eTable 2 and eTable3 in the Supplement,respectively. Results for suicide were not substantively different from those in the main analyses. For homicide, only the main analyses demonstrated an association between either home state or interstate firearm policies and homicides.
Discussion
In a national, cross-sectional analysis of state firearm policies, we found that counties in states with high firearm policy scores had the lowest rates of firearm suicide and overall suicide, regardless of the strength of the firearm policies of other states. We also found that counties in states with high firearm policy scores had lower rates of firearm homicide. Counties in states with low firearm policy scores had lower rates of firearm homicide only if the interstate firearm policy score was high.
Prior studies have provided indirect evidence for interstate spillover effects of state firearm laws and firearm death rates. In 2006, Webster et al 49 found that the proportion of outof-state firearms recovered in crimes in US cities was associ- We found no relationship between firearm suicide rates in counties and the strength of the firearm laws of nearby states. This finding is consistent with prior studies showing that most firearm suicides are committed by firearm owners or their family members, and likely involve legally purchased firearms obtained for other purposes.
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We found the highest rates of firearm homicide and overall homicide in counties with low state and interstate policy scores. Counties with low state policy scores had lower firearm homicide rates when the interstate policy scores were high. In contrast, counties in states with high policy scores had lower rates of firearm homicide even when the interstate policy score was low. Prior studies have had mixed results with regard to the relationship between state firearm laws and firearm homicides. 7, 13, 58, [60] [61] [62] [63] We did not identify a difference in homicide rates between counties in states with medium and high firearm policy scores. Fleegler et al, 13 however, found an as- We did find higher rates of nonfirearm homicide in counties with low state policy scores and medium interstate policy scores, although not in those with low or high interstate policy scores. Possible explanations include an increase in general violent activity associated with increases in firearm homicide, or an unrecognized confounder that we were unable to identify. Our sensitivity analyses did not identify an association between firearm policies and firearm homicide rates. Analyses were consistent for suicide, likely because there is a continuous effect between home state policy strength and firearm suicide, with no effect from interstate policy strength. For homicide, we identified a nonlinear interaction between the home state and interstate policy scores. No other model that we tested allowed for either a nonlinear effect or a nonlinear interaction, which may explain why we did not detect a relationship between home or interstate policy score and homicide in these other models.
Limitations
Our analysis has limitations. First, because US state firearm laws are generally more lenient than in the other countries, and with only a few states with strict laws, our ability to detect an effect of the strictest laws may have been limited. 10, 26, 55, 64, 65 Second, we used distance as a proxy for the ability of firearms to travel from one location to another. However, Federal Bureau of Investigation trace data indicated that firearms discovered in crime often originate in distant states, not adjoining states, an observation that held low weight in our analysis (based on inverse distance). 29 Mail and internet commerce may mitigate the barrier of distance, as may cultural affinities between locations. Firearms may travel across state borders in specific ways, such as on interstate highways. 29, 66 Further research should consider such dynamics. Third, our cumulative policy score might mask the effect of a particular law, as seen in prior studies. 12, 15, 28, 62 The laws we analyzed cannot completely eliminate gun theft or illegal, deceptive purchases, and we could not account for differences in law enforcement between counties or states. Fourth, in a crosssectional analysis, we were unable to test for a causal relationship between state policies and firearm deaths. Fifth, certain municipalities have stronger firearm restrictions than 
Supplementary Online Material
This supplementary material provides further descriptions of the statistical analytic methods and results of sensitivity analyses.
Methods
Statistical Analyses
The Bayesian Poisson models used for these analyses were fitted using WinBUGS v14. 47 All models included a conditional autoregressive random effect that controlled for potential spatial autocorrelation of the model residuals and accounts for the small area problem. 44, 48 We also included a non-spatial noise term which accounts for over-dispersion of the dependent variable, and a state level random effect to control for the possibility that counties within states were more alike than counties from different states. We allowed two Markov chains to converge over at least 250,000 iterations before obtaining model estimates from a further 50,000 iterations.
Diagnostic tests included inspection of history trace plots to verify that the two chains had converged prior to sampling. We also mapped the posterior estimates of the non-spatial noise term for visual inspection and to measure local spatial autocorrelation (Moran's I).
Sensitivity Analyses
We conducted seven groups of sensitivity analyses to ensure that our results were not artefacts of our novel and non-validated policy score. The dependent variables and main independent variables for these sensitivity analyses are described in the Table S1 . All analyses take county population as the expectancy, and include controls for land area, the proportion of the population who were male, median age, the proportion of the population who were black, the proportion of the population who were Hispanic, median household income, the proportion of the population receiving public assistance, the proportion of the population aged > 16 years and 
Results
Statistical Analyses
For the Bayesian spatial models for suicide presented in Table 3 of the main paper, the state random effect explained less than 11.6% of overall variance, and the conditional autoregressive random effect explained over 93.7% of error variance. For the homicide models presented in Table 4 of the model paper, the state random effect explained less than 11.5% of overall variance, and the conditional autoregressive random effect explained between 66.1% and 76.6% of error variance.
Visual inspection of the history plots for all analysis models confirmed that two chains converged prior to sampling. Moran's I for the non-spatial noise terms were not significant (p < 0.05) for all models, confirming that the conditional autoregressive random effect accounted for the spatial structure of the model residuals.
Sensitivity Analyses
Supplementary Tables S2 and S3 report results for sensitivity analyses for Bayesian conditional autoregressive Poisson models for homicide and suicide deaths. Results are substantively similar to the results of the models presented in the main paper. However, the main results are the only models to identify a relationship between gun policies and homicides. 
